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Fabricating Fe nanocrystals via encapsulation at the graphite surface 
Abstract 
In this paper, the authors describe the conditions under which Fe forms encapsulated nanocrystals 
beneath the surface of graphite, and they characterize these islands (graphite + Fe) thoroughly. The 
authors use the experimental techniques of scanning tunneling microscopy (STM) plus x-ray 
photoelectron spectroscopy (XPS) and the computational technique of density functional theory (DFT). 
Necessary conditions for encapsulation are preexisting ion-induced defects in the graphite substrate and 
elevated deposition temperature of 875–900 K. Evidence of encapsulation consists of atomically 
resolved STM images of a carbon lattice, both on top of the islands and on the sloping sides. The nature 
of the images indicates that this carbon lattice corresponds to a graphene blanket consisting of more 
than one graphene sheet that drapes continuously from the top of the island to the graphite substrate. 
The formation of iron carbide is not observed based on XPS. Shapes of the island footprints are 
consistent with metallic Fe, predominantly in the hcp or fcc form, though larger islands tend toward bcc. 
Island structures with hexagonally close-packed lateral hcp or fcc planes are stabilized by their excellent 
lattice match with the graphite substrate. Evolution of island density with prolonged deposition time 
provides evidence of coarsening, perhaps via Smoluchowski ripening. The encapsulated Fe clusters are 
stable in air at room temperature, protected by smaller Fe clusters that decorate defect sites and block 
permeation of gases. DFT shows that two configurations of Fe are more stable within the gallery than 
adsorbed on top of the surface: a single atom of Fe and a film (slab) of metallic Fe. Comparison with 
other metals shows that encapsulated Fe is similar to Cu but dissimilar to Ru or Dy, leading the authors to 
conclude that carbon dissolution in the metal does not play a role in encapsulation. 
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In this paper, the authors describe the conditions under which Fe forms encapsulated nanocrystals
beneath the surface of graphite, and they characterize these islands (graphite + Fe) thoroughly.
The authors use the experimental techniques of scanning tunneling microscopy (STM) plus x-ray
photoelectron spectroscopy (XPS) and the computational technique of density functional theory
(DFT). Necessary conditions for encapsulation are preexisting ion-induced defects in the graphite
substrate and elevated deposition temperature of 875–900 K. Evidence of encapsulation consists of
atomically resolved STM images of a carbon lattice, both on top of the islands and on the sloping
sides. The nature of the images indicates that this carbon lattice corresponds to a graphene blanket
consisting of more than one graphene sheet that drapes continuously from the top of the island to
the graphite substrate. The formation of iron carbide is not observed based on XPS. Shapes of the
island footprints are consistent with metallic Fe, predominantly in the hcp or fcc form, though
larger islands tend toward bcc. Island structures with hexagonally close-packed lateral hcp or
fcc planes are stabilized by their excellent lattice match with the graphite substrate. Evolution of
island density with prolonged deposition time provides evidence of coarsening, perhaps via
Smoluchowski ripening. The encapsulated Fe clusters are stable in air at room temperature, pro-
tected by smaller Fe clusters that decorate defect sites and block permeation of gases. DFT shows
that two configurations of Fe are more stable within the gallery than adsorbed on top of the surface:
a single atom of Fe and a film (slab) of metallic Fe. Comparison with other metals shows that
encapsulated Fe is similar to Cu but dissimilar to Ru or Dy, leading the authors to conclude that
carbon dissolution in the metal does not play a role in encapsulation. Published by the AVS.
https://doi.org/10.1116/1.5124927
I. INTRODUCTION
The ability to embed metallic structures in layered
materials holds promise for applications in microelectronics
or nanoelectronics, where the metals may be useful as
electrical contacts or heat sinks in circuits that involve two-
dimensional materials. The embedded metallic nanoparticles
may also be useful as catalysts or magnets, especially in
cases where the two-dimensional blanket protects the metal
from oxidation or inhibits sintering. We have recently demon-
strated that a variety of metals—Cu, Ru, Dy—can be grown
as metallic particles embedded beneath the surface of graphite,
provided growth conditions are chosen appropriately.1–3
In the present paper, we show that Fe can also undergo
encapsulation, and we characterize the Fe islands thoroughly.
The main goal is to compare the behavior of Fe with that of
the other metals.1–3 On the one hand, similarities might be
expected between Fe and Cu since the two transition metals
are adjacent in the Periodic Table. On the other hand, Cu is
generally less reactive than Fe, Dy, or Ru. In particular, Fe,
Dy, and Ru are known to have much higher affinities for
carbon than does Cu. For instance, the maximum solubility
of C in solid Fe is 2.4% by weight (achieved in fcc Fe at
1420 K),4 and in Cu it is 0.0076% (achieved at 1360 K).5
Furthermore, Fe (and also Dy and Ru) forms thermodynami-
cally stable carbides, whereas Cu does not.4,6–9
We thus expect that a comparison of these metals will
reveal whether carbon dissolution in the metal, or metal carbide
formation, is a defining feature with respect to encapsulation.
It is relevant to briefly review the body of work dealing
with graphene growth on Fe and Cu surfaces. Carbide forma-
tion is ubiquitous for Fe,10 and special procedures are neces-
sary to circumvent this problem. For example, graphene can
be grown on Fe(110) in ultrahigh vacuum (UHV) via chemi-
cal vapor deposition (CVD).11 Carbide formation can be
avoided by using highly nonequilibrium growth conditions
where excess C (∼10−7 mbar of a hydrocarbon precursor)
suppresses Fe carbide formation and favors graphene growth.
Graphene can also be grown on Fe via CVD in a high pres-
sure (10 Torr) environment.12 Here, growth involves carburi-
zation processes where C is dissolved into bulk Fe at growth
temperatures and segregates to the surface upon cooling.12
Note: This paper is part of the Special Topic Collection on 30 years of the
Nellie Yeoh Whetten Award — Celebrating the Women of the AVS.
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This results in graphene that coexists with metallic Fe and Fe
carbide. In CVD growth of graphene on Cu, on the other
hand, it is generally believed that dissolution of C in the
bulk is negligible and precipitation upon cooling from
growth temperatures does not play a role.13–18
Nanoscale Fe is, of course, interesting in its own right.
Bulk Fe (bcc structure) is ferromagnetic. However, low-
dimensional Fe, for example thin films and nanostructures,
has various magnetic properties that are highly sensitive to
electron hybridization and structural dynamics.19 Fe is also
an excellent catalyst in Fischer–Tropsch reactions and in
ammonia synthesis.20,21 Fe nanoparticles are also effective
agents for environmental remediation.22
This paper is organized as follows. Experimental and
computational methods are described briefly in Sec. II.
Experimental results are presented in Sec. III and computa-
tional results in Sec. IV. Discussion and concluding remarks
comprise Secs. V and VI, respectively. Further details
relevant to Secs. II–IV are available in the supplementary
material.67
II. EXPERIMENTAL AND COMPUTATONAL
METHODS
A. Experimental methods
All experiments were performed in an Omicron UHV
chamber with base pressure in the low 10−11 mbar range.
Briefly, Fe was deposited via physical vapor deposition from
an e-beam evaporator, where metallic Fe was contained in
a W crucible lined with Al2O3. The Fe flux was about 0.2
monolayer per minute. Commercial highly oriented pyro-
lytic graphite (HOPG, ZYA grade) was the substrate for
all depositions. Two types of graphite substrates were pre-
pared: a pristine surface (referred to as p-graphite hereafter)
via ex situ Scotch tape exfoliation and an ion-bombarded
surface (i-graphite) prepared by transfer into UHV and Ar ion
bombardment after exfoliation. Experimental observation and
characterization of the i-graphite surface are reported in pre-
vious work by our group and others.1,23,24 Fe was deposited
onto either type of graphite surface while the graphite
sample was held at different temperatures, Tdep. The Fe/
graphite samples were carefully characterized by scanning
tunneling microscopy (STM) and x-ray photoelectron spec-
troscopy (XPS), both performed at room temperature in
UHV. Additional experimental details are given in the
supplementary material.67
B. Computational techniques: DFT method and
benchmarking
We performed first-principles DFT total-energy calcula-
tions for the Fe-graphene and Fe-graphite systems using
the Vienna Ab Initio Simulation Package (VASP) code.25
The projector-augmented-wave method26 was used for the
electron-core interactions. The pseudopotentials were gener-
ated and released in 2013 by the VASP group. For all Fe-C
systems, we used the optB88-vdW functional, where the
exchange functional is optimized for the correlation part,27
to approximately account for dispersion interactions. The
Γ-centered k mesh will be specified for each system. The
force-convergence criterion was 0.1 eV/nm. For surface
systems, the vacuum thickness between two adjacent slab
replicas was not less than 1.5 nm. Spin-polarization effects
and dipole corrections have been taken into account unless
noted otherwise.
From our previous DFT calculations,28 the optB88-vdW
functional can reproduce very well the experimental lattice
constants, cohesive energy, and exfoliation energy of graph-
ite (the AB-stacked hexagonal structure29), as well as experi-
mental lattice constant of a graphene monolayer (GML).
We also already used the optB88-vdW functional to analyze
the Cu-C (Refs. 1, 28, and 30) and Ru-C (Ref. 2) systems,
obtaining desired energetics. Here, we make benchmark
calculations for the bulk properties (lattice constants and
cohesive energies) of α-Fe (bcc phase), γ-Fe (fcc phase), and
ε-Fe (hcp phase). From our optB88-vdW calculations, the
energetically most favorable bcc, fcc, and hcp structures of
Fe are ferromagnetic, antiferromagnetic, and nonmagnetic,
respectively. This result is consistent with Herper et al.’s
DFT calculations.31 Table I lists the lattice constants and
cohesive energies of bcc, fcc, and hcp Fe from this work
using optB88-vdW and available experimental values. The
cohesive energy is calculated as Ecoh = Egas = σbulk, where
σbulk is the energy per atom in the unit cell, and Egas is the
energy of one atom in gas phase. We have also calculated
some quantities using the PBE, PBE-TS and PBEsol func-
tionals; those results are tabulated in the supplementary
material.67 In no case do they give better agreement with
experiment than optB88-vdW. The ability of the
optB88-vdW functional to describe Fe well, and also graph-
ite and graphene, justifies its choice for all Fe-C systems in
this work. However, it is worth noting that an unusually large
number of relaxation steps for the electronic degrees of
freedom, and all-band simultaneous update of orbitals, are
needed during the structure optimization in order to obtain the
TABLE I. Lattice constants (a and c, or a) and cohesive energies (Ecoh) of
bcc, fcc, and hcp Fe from our DFT calculations vs previous experiments.
The k meshes and cutoff energies (Ecut) used in our DFT calculations are
also listed.
System Method
Ecut
(eV) k mesh
a
(nm)
c
(nm)
Ecoh
(eV)
α-Fe (bcc) optB88-vdW 400 61 × 61 × 61 0.2822 5.049
optB88-vdW 600 61 × 61 × 61 0.2823 5.049
Experiment 0.2866a 4.28b
γ-Fe (fcc) optB88-vdW 600 61 × 61 × 61 0.3470 4.977
Experiment 0.35692c
ε-Fe (hcp) optB88-vdW 600 61 × 61 × 61 0.2459 0.3879 5.038
Experiment 0.2524d 0.4046d
aAt room temperature (Ref. 32).
bReference 33.
cExtrapolated from the data of Fe-C and Fe-N alloys at room temperature
(Ref. 34).
dExtrapolated from the high-pressure data at 23 ± 3 °C using the Murnaghan
equation of state (Ref. 35).
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minimized energy of a mixed Fe-C system using the
optB88-vdW functional.
III. EXPERIMENTAL RESULTS
A. Conditions necessary to form encapsulated islands
and island dimensions
The morphology of Fe grown on i-graphite depends
strongly on Tdep, as shown in Fig. 1. At 300 K, Fe forms
small and round clusters that are 2–3 nm tall on top of graph-
ite. At a higher Tdep = 800 K, Fe agglomerates into larger and
taller clusters compared to those formed at 300 K. The clus-
ters are bare Fe, as evident from their streakiness in imaging
[Fig. 1(b)], which is caused by the STM tip picking up or
removing clusters. Dramatic morphology changes occur start-
ing at 875K. First, the graphite terraces become much cleaner.
Some tall, bare clusters persist, but they become very rare at
900 K. They are still distinguished by their streakiness, as
evident in Fig. 1(c). Second, new features develop—islands of
a few nanometers in height, with flat tops and well-defined
footprints that are usually faceted. Unlike the bare Fe clusters,
these features are very stable under tunneling conditions.
Additional examples are shown in Fig. 2. In Sec. III B, we
present evidence that these stable flat-top features are Fe clus-
ters covered by a graphene blanket. (The blanket and metal
cluster together is termed an island.)
FIG. 1. Representative topographic STM images and line profiles after five separate depositions of Fe on i-graphite. (a) 300 K, (b) 800 K, (c) 875 K, (d) 888 K,
and (e) 900 K. Time of deposition in each experiment is (a) and (e) 45 min and (b)–(d) 90 min. Tip bias and tunneling current are (a) +2.0 V, 0.26 nA; (b)
+4.5 V, 0.25 nA; (c) +3.9 V, 0.26 nA; (d) +4.5 V, 0.26 nA; and (e) +4.4 V, 0.27 nA.
FIG. 2. Additional STM images of encapsulated Fe clusters deposited at (a)–(d) 900 K for 180 min and (e)–(f ) 900 K for 45 min. White arrows in (b) and (c)
point to wrinkles in the graphene overlayer. All STM images are derivatized. Tip bias and tunneling current are (a) +3.0 V, 0.26 nA; (b) +2.6 V, 0.26 nA; (c)
+2.5 V, 0.26 nA; (d) +2.9 V, 0.26 nA; (e) +3.7 V, 0.26 nA; and (f ) +3.5 V, 0.26 nA.
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The mean measured height is 2.5 ± 1.6 nm for all flat-
topped islands observed. A height histogram of the islands is
shown in Fig. 3. Based on DFT results to be presented in
Sec. IV B, the average height of 2.5 nm corresponds to about
13 Fe monolayers, with the full range spanning 6–60 Fe
monolayers. The average width of the flat top is about
50 nm, i.e., about 20 times the average height. Note that in
all STM profiles presented in this paper, such as Fig. 1, the
x- and y-axes are drawn to different scales in order to
produce compact figures. If the axes were drawn with equal
scales, it would be apparent that the widths of the flat-topped
islands are much greater than their heights. Dimensions of
the flat-topped islands are evaluated extensively elsewhere.36
The combination of elevated Tdep and preexisting
defects from ion bombardment are essential conditions for
encapsulation. This is demonstrated by control experiments
in which each condition is selectively removed. Figure 4
shows the first control experiment, in which Fe is deposited
on i-graphite without elevated Tdep but with induced
defects. Bare Fe clusters are observed upon deposition at
300 K [Figs. 4(a)–4(c)], and they simply coarsen after
annealing at 900 K [Figs. 4(d)–4(f )], as evidenced by
increases in cluster height and area. Figure 5 shows the
FIG. 3. Height histogram of encapsulated Fe islands observed at Tdep = 875–
950 K. 235 islands are included, with an average height of 2.5 ± 1.6 nm. Bin
size is 1.25 nm.
FIG. 4. Control experiment with Fe [(a)–(c)] deposited on i-graphite at 300 K for 45 min followed by [(d)–(f )] annealing at 900 K for 45 min. All STM images
are topographic. Corresponding line profiles are shown in (a0)–(f0 ). Tip bias and tunneling current are (a)–(c) +2.0 V, 0.26 nA; (d) +3.0 V, 0.26 nA; (e) −2.6 V,
0.26 nA; and (f ) +2.6 V, 0.26 nA.
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second control experiment, with elevated Tdep but without
induced defects. After deposition on p-graphite at 900 K,
the graphite surfaces remain relatively clean and free of Fe
decoration. Rarely, we observe a few protruding features,
but their overall dimensions and appearance are not compara-
ble to those of the Fe islands seen in Figs. 1(c)–1(e). Thus,
these control experiments clearly demonstrate that both condi-
tions are necessary to form encapsulated Fe clusters.
In addition to large bare Fe clusters and encapsulated Fe
clusters, smaller features are evident on the surface at high mag-
nification, as shown in Fig. 6. Most of these have a discrete,
lumpy shape. We interpret them as bare Fe clusters consisting
of one or a few Fe atoms anchored at defects. However, not all
graphite defects are decorated by Fe atoms. For example, the
defect in the top left corner of Fig. 6(a) has a diffuse threefold
star shape that is the signature of a single-carbon-atom vacancy
in graphite.37 A similar defect is evident in Fig. 7(b00).
B. STM evidence of encapsulation by graphene
multilayers
To further characterize the flat Fe islands that form at
875–900 K, we obtain atomically resolved images of the
island tops and sloping sides. At high resolution, the tops of
islands [Figs. 7(a00)–7(d00)] usually show triangular arrays of
C atoms with a measured spacing of 0.247 ± 0.003 nm (from
30 measurements). This spacing agrees well with the graph-
ite lattice constant of 0.246 nm.38 Furthermore, the C lattice
is continuous from the island top onto the graphite substrate,
as shown in Fig. 7(a00). This is firm evidence of encapsula-
tion of Fe at the graphite surface.
Notably, some Fe islands exhibit sharp, pointed features
that radiate from the edge of the island. Examples are indi-
cated by white arrows in Figs. 2(b) and 2(c). We attribute
these to wrinkles that form in the graphene blanket during its
delamination from the graphite substrate.39 These are further
evidence of encapsulation of the metal. Also, they serve as
evidence that the space beneath the sloping side is empty,
since any underlying material would interfere with folding.39
Our proposal for the structure of the encapsulated cluster is
depicted schematically in Fig. 8.
The detailed appearance of the C lattice in STM sheds
further insight. A honeycomb lattice, in which all six C
atoms in each ring are imaged equivalently, can signal
several configurations: (1) a single freestanding graphene
sheet; (2) multiple graphene sheets stacked such that the
sixfold symmetry of the topmost sheet is unperturbed, i.e.,
A-A stacking; or (3) a graphene bilayer in which the bottom
FIG. 5. Control experiment of Fe deposited on p-graphite at 900 K for 45 min. All STM images are topographic. Tip bias and tunneling current are (a) and (b)
+1.7 V, 0.26 nA; (c) +1.2 V, 0.26 nA; and (d) +1.5 V, 0.26 nA.
FIG. 6. STM images of defect-related features at high magnification. Images (a) and (b) are from the tops of encapsulated Fe islands and (c) and (d) are from
the graphite substrate, following Fe deposition at 900 K. Tip bias and tunneling current are (a) and (b) +0.08 V, 0.39 nA and (c) and (d) +0.07 V, 0.39 nA.
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layer bonds strongly to a metal and shields the upper layer,
making the upper layer appear freestanding.40 On the other
hand, a triangular lattice in which only three out of six C
atoms are imaged equivalently can signal a single graphene
sheet interacting strongly with a metal substrate, known to
occur for Ru(0001)40,41 and expected for Fe due to the
strong metal-C interaction,10,42 or multiple graphene sheets
stacked in a way that breaks the sixfold symmetry, e.g., the
conventional A-B stacking of graphite.43
In our experiments, the majority of graphite lattices
observed on top of islands show triangular arrays where three
out of six C atoms are imaged equivalently. On a few occa-
sions (6 out of 34 islands where the lattice has been resolved),
we observe a honeycomb lattice where six out of six C atoms
are equivalent. These observations are open to multiple possi-
ble interpretations (above). More significant are high-resolution
images on the sloping sides of seven islands. These images
show triangular arrays of C atoms (three of six). Adopting the
argument (above) that there is an empty gap between these
sloping sides and the body of the Fe cluster, the possible
explanation of strong interaction with underlying metal is
eliminated. This leads to the conclusion that the sloping sides
are composed of more than one GML. Because the sloping
side is continuous with the top of the island, multiple GMLs
must also cover the island top.
C. XPS: Evidence against carbidic Fe
Having identified the stable, flat-top islands as encapsu-
lated Fe clusters at the graphite surface, it is important to
address the chemical nature of encapsulated Fe. Fe is prone
FIG. 7. Representative high-resolution STM images of encapsulated Fe clusters formed at 900 K from four separate experiments with various deposition time: (a)–(d)
22.5, 45, 90, and 90min, respectively. (a)–(d) are derivative images and (a0)–(d0) are topographic images. (a00) is a derivative image that shows continuous C lattice
over island slope, while (b00)–(d00) are topographic images that show C lattice on island top. Tip bias and tunneling current are (a) +1.7 V, 0.26 nA; (a00) +0.15V,
0.41 nA; (b) +1.8 V, 0.26 nA; (b00) +0.07 V, 0.39 nA; (c) +1.5 V, 0.26 nA; (c00) +0.08 V, 0.38 nA; (d) +2.2 V, 0.26 nA; and (d00) +0.09V, 0.39 nA.
FIG. 8. Schematic cross-sectional model of an encapsulated Fe cluster.
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to form carbides, and it is present here in a C-rich environ-
ment. We use XPS to probe specifically the C 1s region of
Fe/i-graphite (shown in Fig. 9) but not the Fe 2p region
since it does not exhibit an appreciable chemical shift
under the influence of C.44 Studies of graphene grown on
Fe show that the C 1s peak in Fe carbide falls in the range
of 282.6–283.8 eV,11,12,44,45 which is at significantly lower
binding energy (BE) than the C 1s peak at 284.6 eV in gra-
phene or graphite. In our XP spectra of the C 1s region,
however, we do not observe a peak or shoulder around 283 eV
that would indicate carbide. Therefore, we conclude that encap-
sulated Fe retains its metallic state without carbide formation,
although it probably incorporates some dissolved carbon.
D. Island footprints: Hexagonally close-packed versus
bcc Fe
Having ensured that carbide does not form, we now inter-
pret the footprints of the encapsulated clusters in terms of
metallic Fe. The majority of islands have hexagonal (or qua-
sihexagonal) and triangular (or truncated triangular) facets.
A few have round footprints, and a very few exhibit rectan-
gular footprints. Examples of each shape are shown in
Figs. 10(a)–10(h), and the shape distribution is given in
Fig. 10(i). Hexagonal and triangular shapes are generally
associated with hexagonal close-packed (hcp) or face-
centered cubic (fcc) metallic structures. This is discussed
further in the Sec. III E. The rectangular shape signals the
body-centered cubic (bcc) structure in the Fe growth.46,47
The majority of encapsulated islands are thus hcp or fcc,
though bcc is the ground-state structure of bulk Fe. The fcc
form has been observed previously in studies of Fe films
grown on Cu(111), transforming to bcc in thicker films.46–48
In our work, in fact, the three largest island volumes belong
to rectangular islands, consistent with a structural transition
from hcp or fcc to bcc for large islands. In addition, about
10% of the islands (26 out of 235) exhibit a rounded foot-
print. We speculate that these islands may reflect a transition
from hcp or fcc to bcc. The growth of the hcp and fcc forms
of Fe is probably promoted by the excellent lattice match
between the hexagonally close-packed planes of the metal
and the HOPG lattice, strain being less than 0.25% for both
FIG. 9. Raw XP spectra comparing the C 1s region of plain i-graphite with that of Fe/i-graphite at 875 and 900 K where encapsulation occurs. No sign of
carbide is observed around 283 eV. Boxed area in (a) is enlarged in (b). The spectra are raw, not normalized.
FIG. 10. Island footprints. (a) and (b) Hexagonal and quasihexagonal, (c) and (d) triangular and truncated triangular, (e) and (f ) round, and (g) and (h) rectangu-
lar. All STM images are differentiated. Tip bias and tunneling current are (a) +2.6 V, 0.26 nA; (b) +4.5 V, 0.26 nA; (c) +2.0 V, 0.26 nA; (d) +3.0 V, 0.26 nA;
(e) +2.0 V, 0.26 nA; (f ) +1.5 V, 0.26 nA; and (g) and (h) +3.8 V, 0.26 nA. (i) Distribution of island shapes. Numbers in the ring are number of islands
observed, out of a total of 235. Numbers below the ring are percentages.
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hcp and fcc, from both experiment and DFT (Table I and
Sec. IV B). This lattice match would, of course, be more
influential for small islands than for large islands, since for
large islands any deviation from the bulk structure becomes
increasingly unfavorable. This is analogous to the energetic
balance that leads to Stranski–Krastanov growth.49
E. Interpretation of facetted Fe island footprints
As indicated in Sec. III D, 62% of Fe islands display a
hexagonal footprint which plausibly corresponds to the equi-
librium shape. It is thus particularly appropriate to elucidate
the origin of the hexagonal footprints. The DFT analysis in
Sec. II B reveals an energetic preference for the bulk hcp
over fcc structure (see Table I), so here we assume this is the
case. An additional 24% of Fe islands display a triangular
footprint, so elucidation of this feature is also appropriate.
With regard to the equilibrium shape of hcp Fe islands, it
is natural to first consider the simpler situation of bare Fe
clusters epitaxially supported by a hcp(0001) plane on top of
graphite. Within a continuum modeling framework (which
assumes linear cluster dimensions of many lattice constants),
this shape is determined by a Winterbottom analysis that
takes the unsupported hcp Fe Wulff shape and removes a
slice adjacent to a hcp(0001) facet. This creates a somewhat
larger hcp(0001) facet on which the cluster is supported. The
ratio of the distance from the center of the (unsupported)
cluster to the graphite substrate, hHOPG, and to the top
hcp(0001) facet, h0001, satisfies hHOPG/h0001 = 1 – 2fHOPG-
(hcp) < 1, Here, fHOPG(hcp) = βHOPG-Fe/(2γ0001), where
βHOPG-Fe denotes the adhesion energy of hcp(0001) Fe to
graphite and γ0001 denotes the surface energy of hcp(0001)
Fe. DFT analysis using optB88 (cf. Sec. II B) finds that
fHOPG(hcp) = 0.073. Then, utilizing relative surface energies
for the six most favorable low index surfaces of hcp Fe
from PBE DFT as reported by Tran et al.,50 one obtains the
Winterbottom shape for hcp Fe shown in Fig. 11(a). This
figure also indicates the different facets present including
the top and bottom hexagonal (0001) facets and alternating
vertical (1010) and (2130) side facets. We caution that
minority facets appearing in the continuum formalism may
not be present for nanoscale clusters. Of particular rele-
vance is that lateral cross sections of this structure have
sixfold symmetry about the central vertical axis, consistent
with experimental observation of hexagonal island foot-
prints [Figs. 10(a) and 10(b)].
Next, it is instructive to consider a situation closer to but
still simpler than that of the experimental intercalated islands.
Specifically, we consider the effect of placing a graphene
sheet across the top of the above supported Fe cluster but
ignore the effect of strain in that sheet. Then, the equilibrium
cluster shape is determined by what we describe as a double
Winterbottom construction: take the above Winterbottom
shape and remove a slice adjacent to the top hcp(0001)
facet, where the amount removed is controlled by a factor
fMLG(hcp) = 0.067, determined analogously to fHOPG. This
double Winterbottom shape for strain-free intercalation is
shown in Fig. 11(b). Again, the key feature is that lateral
cross sections have sixfold symmetry. The increased size of
the top hexagonal facet relative to Fig. 11(a) is a conse-
quence of removing a slice at the top of the standard
Winterbottom shape. This sixfold symmetry will be pre-
served when the Fe cluster is compressed under intercala-
tion, a feature compatible with the conclusion that the
observed dominant population of islands with hexagonal
footprints correspond to hcp structures.
Finally, we briefly describe the equilibrium shapes expected
for fcc Fe islands. For bare Fe clusters epitaxially supported by
FIG. 11. Shape of an hcp Fe cluster (a) supported on top of graphite (Winterbottom) and (b) intercalated beneath the graphite surface in the absence of strain
(double Winterbottom). The red colored region(s), which are above or below the thick horizontal lines, show the portion(s) of the cluster which is removed.
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a fcc(111) plane on top of graphite, a Winterbottom
analysis shows that hHOPG/h111 = 1 – 2fHOPG(fcc) < 1. Here,
fHOPG(fcc) = βHOPG-Fe/(2γ111), where βHOPG-Fe denotes the
adhesion energy of fcc(111) Fe to graphite and γ111
denotes the surface energy of fcc(111) Fe. We utilize
surface energies for the most favorable low index 111, 100,
and 110 surfaces of fcc Fe as reported by Yu et al.51 Also,
we assume that βHOPG-Fe is similar for fcc(111) and
hcp(0001) Fe to obtain fHOPG(fcc) = 0.102. (Here, we note
that optB88 energies are 10% higher than PBE energies so
perform appropriate rescaling for consistency.) This analy-
sis yields the Winterbottom shape for fcc Fe shown in
Fig. 12(a). Similarly, we have performed a double
Winterbottom construction to determine the equilibrium
shape of intercalated fcc Fe clusters in the absence of strain
using the value of fMLG(fcc) = 0.092 [see Fig. 12(b)].
A key feature is that both these analyses yield top and
bottom facets that are significantly distorted from hexago-
nal [a/b = 0.615 in Fig. 12(a) and a/b = 1.25 in Fig. 12(b)]
and are quite similar to shapes observed in the experiment
[Figs. 10(c) and 10(d)]. For the top facet, a/b = 0.615 for
the Winterbottom construction in Fig. 12(a) and a/b = 1.25
for the double Winterbottom construction in Fig. 12(b). It
might also be noted that growth shapes of metallic nano-
crystals during deposition can differ from equilibrium
shapes to amplify such distortion either in two dimen-
sions52 or three dimensions53 by enhancing the prominence
of a subset of step edges or facets. These observations
suggest that 24% of triangular islands correspond to fcc Fe.
Finally, we note that as for hcp structures, our continuum
analysis assumes large linear cluster sizes of many lattice
constants. For smaller nanoscale clusters, minority facets in
the continuum formalism may not appear, and there will be
some deviation in predictions of relative dimensions due to
the discrete atomistic structure.28
F. Effect of Tdep on encapsulated clusters
The deposition temperature controls whether or not
encapsulated clusters form, as presented in Sec. III A. This
parameter also affects the amount of Fe on the surface, as
shown in Fig. 13. At a fixed deposition time and with
increasing temperature from 800 to 900 K, the amount of
Fe adsorbed decreases steadily as reflected by the Fe/C
XPS ratio in Fig. 13(a). This can be explained by a decreas-
ing condensation coefficient52,54 of Fe on graphite.
Focusing only on encapsulated Fe clusters, the island
density [Fig. 13(b)] shows a downward trend in parallel
with a decrease in total Fe content, though the temperature
range is much narrower for the density data than for the
XPS data. The island dimensions exhibit weak variations
that are not statistically significant in view of the large error
bars shown in Figs. 13(c) and 13(d). Hence, the number
density of encapsulated Fe clusters falls but their size
remains roughly constant, as Tdep increases from 875 to
900 K. (The constant island size is somewhat accidental,
just reflecting the feature that the amount of Fe on the
surface decreases to the same degree as the density of Fe
islands with increasing Tdep.)
G. Effect of deposition time on encapsulated islands:
Evidence of coarsening
We also explore the effect of deposition time at fixed
Tdep = 900 K. The XPS data in Fig. 14(a) show that the rela-
tive intensity of the Fe 2p peak increases nonlinearly with
deposition time, approaching a plateau beyond 90 min. The
island density [Fig. 14(b)] shows a maximum at 45 min.
Meanwhile, the average island height and width increase
with deposition time, though the uncertainties are again large
[Figs. 14(c) and 14(d)].
FIG. 12. Shape of an fcc Fe cluster (a) supported on top of graphite (Winterbottom) and (b) intercalated beneath the graphite surface in the absence of strain
(double Winterbottom). The red colored region(s), which are above or below the thick horizontal lines, show the portion(s) of the cluster which is removed.
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These data may be interpreted as follows. At low deposition
time, up to 45min, the primary process is nucleation of new Fe
islands. This leads to an increase in island density. Beyond
45min, islands have sufficient time to coarsen significantly
during deposition. This contributes to their increasing size
and decreasing density. In fact, it is not uncommon to find
islands that appear to have collided, leading to the interest-
ing possibility that the ripening mechanism may
be diffusion and merging of intact islands (Smoluchowski
ripening).55 Examples are evident in Figs. 2(a), 2(c),
and 14(b) at 90 min. Further examples are shown in the
supplementary material.67 We note that the density of
islands is so low that random growth-induced coalescence
seems highly unlikely.
Another part of the interpretation is that, as islands grow
taller, the XPS Fe signal is increasingly attenuated within the
islands, explaining the nonlinearity in Fig. 14(a). This is
made plausible by the observation that Fe 2p3/2 photoelec-
trons have a kinetic energy of 546 eV in these experiments,
which corresponds to an inelastic mean free path (IMFP) of
1.08 nm in Fe (or 1.15 nm in graphite).56 This IMFP is com-
parable to the average island height after 22.5 or 45 min of
deposition, so minimal attenuation is expected after these
short depositions. However, the IMFP is significantly
smaller than the island height after 90 or 180 min, indicating
attenuation after longer depositions.
H. Air-stability of encapsulated Fe
Fe oxidizes easily in ambient conditions. In order to test
the stability of encapsulated Fe, we conducted oxidation
experiments on two different Fe/graphite samples made at
875 and 900 K. Each sample was taken outside the UHV
chamber and exposed to ambient conditions for 30 min.
It was reintroduced to UHV where XPS was conducted. The
sample was then subjected to the routine graphite sample
outgassing procedure, i.e., it was heated at 800 K for 20 min.
STM images of the outgassed samples were acquired, fol-
lowed by additional XPS acquisitions.
We focus on the most prominent region, Fe 2p3/2, for
the two Fe/graphite samples as shown in Fig. 15. (XPS
spectra for the entire Fe 2p region are shown in the supple-
mentary material.67) The black vertical line indicates the
binding energy of the Fe 2p3/2 peak at 706.92 ± 0.05 eV for
875 K in Fig. 15(a) and 706.93 ± 0.06 eV for 900 K in
Fig. 15(b), respectively. The values are consistent with lit-
erature values for bulk and nanoparticles of metallic
Fe0.57–60 For both samples, the Fe 2p3/2 region becomes
heavily distorted after air exposure, substantially suppress-
ing the intensity of the Fe0 peak. Two additional peaks can
be assigned upon peak deconvolution. The peak that is out-
lined by short dashed lines at 709.40 ± 0.05 eV for 875 K
and 709.42 ± 0.07 eV for 900 K indicates Fe2+ species,
while the peak outlined by long dashed lines at
711.40 ± 0.05 eV for 875 K and 711.42 ± 0.07 eV for 900 K
represents Fe3+ species, both in agreement with literature
values.57,58 Based on peak areas, the ratio of oxidized Fe
to metallic Fe after deposition at 900 K and air exposure
is 4:1.
Moreover, the O 1s region of the air-exposed sample
(for instance, the sample made at 875 K) can be deconvo-
luted into three components, as shown in Fig. 14(c).
FIG. 13. (a) XPS determination of the relative amount of Fe on the graphite surface and (b)–(d) average characteristics of encapsulated Fe islands as functions
of Tdep. The line in (a) is drawn to guide the eye. All at fixed deposition time of 90 min. In (c), the diameter represents the width of the flat island top.
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The peaks fitted at 530.34, 531.74, and 533.89 eV are consis-
tent with O2−, OH−, and H2O, respectively,
57 the former two
being the majority species. These two exist in a ratio of 1.4:1
(oxide:hydroxide) based on XPS peak areas.
The most stable oxides and hydroxides of Fe are Fe3O4
and Fe(OH)3,
61,62 respectively, which makes them plausible
candidates after air exposure. A 2:1 mixture of Fe3O4:
Fe(OH)3 would nicely explain the relative XPS peak
intensities (the O 1s ratio and the Fe 2p3/2 ratio). However, it
is entirely possible that other Fe-O species are present and
that the situation is more complex.63,57
A major question is, which Fe species oxidize during air
exposure? There are three candidates: large bare Fe clusters,
which are present on terraces after growth at 875 K but not at
900 K [Sec. III A and Fig. 1(c)]; small bare Fe clusters at
defects (like those shown in Fig. 6); and encapsulated Fe
FIG. 15. XP spectra of the Fe 2p3/2 region of two separate Fe/graphite samples at different stages of sample preparation for the air exposure experiments. Time
of deposition in both experiments is 90 min. In (a) and (b), the short dashed lines indicate Fe2+ species, while the long dashed lines show Fe3+ species. In (a)
and (b), the XP spectra at each stage are normalized to the highest intensity at that stage.
FIG. 14. Four separate Fe depositions at 900 K as a function of time, and the resulting (a) relative XPS peak intensity; (b) island density with insets of
STM images corresponding to the island density; (c) average diameter of the flat island top; and (d) average island height. In (b), the STM image insets
are 500 × 500 nm2. Tunneling conditions (tip bias) for STM insets, with increasing deposition time, are +2.0 V, 0.26 nA; +3.4 V, 0.26 nA; +2.8 V,
0.26 nA; and +2.5 V, 0.26 nA.
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clusters. We believe the answer is primarily the small bare Fe
clusters at defects for the following reasons.
First, encapsulated Fe clusters can be imaged in STM, as
shown in Fig. 16, after air exposure and vacuum outgassing.
They are indistinguishable from encapsulated clusters that
form immediately after deposition. It is possible that these
islands oxidize under air exposure, then reform during out-
gassing without a trace of their oxidation, but this seems
unlikely. More likely is that they remain protected and intact
during air exposure.
Second, from Sec. III A, it is known that a few large bare
Fe clusters exist on the terraces after growth at 875 K and
even fewer at 900 K. Hence, the major spectral changes fol-
lowing air exposure must be due to either the small
defect-anchored clusters or the encapsulated clusters. This is
supported by the fact that there are only small differences
between the XPS spectra of the air-exposed samples, for
Tdep = 875 K [Fig. 15(a)] and Tdep = 900 K [Fig. 15(b)].
These observations lead to the following explanation. After
Fe deposition, and after vacuum outgassing, the Fe 2p3/2 peak
represents a combination of Fe in islands and small bare Fe
clusters at defects. Air oxidation mainly affects the Fe atoms
at the defects and leaves encapsulated clusters in the metallic
state. Vacuum outgassing serves to deoxygenate the Fe atoms
at defects, producing again a single peak in XPS. We also
propose that the Fe atoms efficiently block the graphitic
defects, so oxygen cannot penetrate the graphitic defects. This
then serves to protect the encapsulated clusters.
IV. DFT RESULTS
A. Single Fe atom adsorption on, and intercalation in,
graphite
When a metal cluster with n atoms is adsorbed on top of
the graphite surface or intercalated underneath the top GML,
the average interaction strength of one metal atom with its
surrounding environment (including other metal atoms and
substrate atoms) can be characterized by the chemical poten-
tial (at T = 0 K)
μM ¼
Etot  Egraphite
n
 EM, (1)
where M stands for a metal (M = Fe in this work), Etot is the
total energy of the metal-plus-graphite system, Egraphite is
the energy of graphite substrate, and EM is the energy of
one metal atom in gas phase. For one adatom (n = 1)
adsorbed on the substrate, Eq. (1) reduces to the conventional
adsorption energy expression Eads ¼ Etot  Egraphite  EM.
In the calculations of this section for one-metal-atom-plus-
graphite systems, we always use a 4-ML graphite slab
as the substrate, and the lateral size of the supercell is
taken to be 6 6 in units of aC (bulk graphite lattice,
0.2465 nm). During relaxation for energy minimization,
the bottommost GML of the substrate is always fixed. The
k mesh is taken to be 7 7 1, and the energy cutoff is
600 eV. All these parameters have been carefully tested
for energy convergence.
First, we examine the adsorption energies of one Fe
adatom on top of the graphite surface after relaxation from
the seven initial positions: TH, TT, HT, BM, MB, MM, and
CC, defined in Fig. 17. The most favorable adsorption site is
at HT with the lowest adsorption energy being −0.943 eV.
The adsorption energies at TT and TH are 0:610, and
−0.600 eV, respectively. The adsorption of the Fe atom at
any site BM, MB, CC, or MM is unstable, and the adatom
will move to a local minimum close to the initial site after
full relaxation. Thus, the minimum energy path for diffusion
of the adatom will be along HT to MB to TT. The lower
limit of the diffusion barrier is about 0.33 eV. [For exact dif-
fusion barrier, a climbing nudged elastic band (CNEB) cal-
culation would be needed.]
FIG. 16. STM images of encapsulated Fe clusters formed at (a)–(c) 875 K and (d) 900 K after air exposure and vacuum outgassing. Tip bias and tunneling
current are (a) +3.8 V, 0.26 nA; (b) +1.8 V, 0.26 nA; (c) +1.7 V, 0.26 nA; and (d) +2.1 V, 0.26 nA.
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Next, we assess the energies of one Fe atom intercalated
underneath the top GML. We find that any i site is more
favorable than any t site (see Table II). The most favorable
site is at iHT where μFe =−2.414 eV, which is 1.198 eV
lower than the adsorption energy at tHT. (The iHT site is
essentially degenerate with the iTH site.) Therefore, for one
Fe atom, intercalation underneath the top GML is always
more favorable than adsorption on top of the graphite
surface. As an aside, we also note that both adsorbed and
intercalated Fe atoms are magnetic (see Table II).
B. Fe complete layer adsorbed on and intercalated in
graphite
We also calculate the energetics for a complete layer of
Fe, i.e., a Fe film, supported on and intercalated in a graphite
substrate. In these calculations, we choose a close-packed
(hcp or fcc) over a bcc structure because the STM data show
that the majority of islands are hcp or fcc. Furthermore, we
choose hcp over fcc for two reasons: (1) the cohesive energy
is larger (more favorable) for hcp than fcc from Table I and
(2) an hcp Fe(0001) slab is nonmagnetic while an fcc
Fe(111) slab is antiferromagnetic, making the hcp configura-
tion more convenient for DFT calculations.
In these calculations, the Fe(0001) slab has variable
thickness L and the graphite substrate, or graphene
overlayer + graphite substrate, always has a total thick-
ness of six GMLs. We always use a 1 1 supercell (in
units of the optB88-vdW bulk graphite lattice constant
aC ¼ 0:2465 nm). This implies an Fe-graphite lateral lattice
mismatch of (aC  aL)=aL  100%, where aL is the lateral
equilibrium lattice constant of the Fe(0001) slab with
thickness L. For a thick hcp Fe(0001) slab, aL!1 ¼ aε-Fe
¼ 0:2459 nm from our optB88-vdW calculation, and then
(aC  aL!1)=aL!1  100%  0:244%, which corresponds
to negligible tensile strain for the Fe film along the lateral
direction. During relaxation for energy minimization, the bot-
tommost GML of the substrate is always fixed. The k mesh is
taken to be 51 51 1, and the energy cutoff is 600 eV. In
these calculations, we do not consider spin polarization
because the most favorable structure of bulk hcp Fe(0001) is
nonferromagnetic, as mentioned in Sec. II B.
We have carefully considered the effect of the symmetry
of the lattice match between the Fe film and the graphite or
graphene layer(s) and have performed numerous calculations
spanning different symmetries. These are presented in the
supplementary material.67 In the discussion and comparisons
below, for a given Fe film thickness L, we always take the
most favorable configuration.
To analyze the interaction strength of an Fe film adsorbed
on or intercalated in graphite, we calculate μFe using Eq. (1),
where the Fe cluster should be interpreted as a complete
Fe(0001) film. In Fig. 18(a), we plot μFe as a function of Fe
film thickness L for Fe films adsorbed on and intercalated in
graphite as well as freestanding Fe(0001) films. (The corre-
sponding data for μFe are listed in Table S5 in the supplemen-
tary material.67) The lower μFe value indicates the stronger
average interaction of one Fe atom with its surrounding. From
Fig. 18(a), the Fe in the adsorbed film always has slightly
stronger interaction than a freestanding film for any L, while
an intercalated film always has significantly stronger interac-
tion than an adsorbed film. When L ! 1, these μFe values
tend to the negative of the cohesive energy (Table I) of bulk
hcp Fe, as indicated by a dashed red horizontal line.
To illustrate more clearly that intercalation is more favor-
able for a given L, we plot ΔEL in Fig. 18(b), where ΔEL is
the energy change per unit cell from adsorption to intercala-
tion of the Fe(0001) film. From Fig. 18(b), for all L,
ΔEL , 0, indicating that intercalation is always favored over
FIG. 17. Top view of seven initial positions (TH, TT, HT, BM, MB, MM,
and CC) of a metal atom (red) with the graphite substrate for DFT calcula-
tions. Dark gray circles represent C atoms in the top (surface) GML, and
light gray circles represent C atoms in the next layer below. The letters T, H,
B, M, and C stand for top, hollow, bridge, midpoint, and center, respec-
tively. The first letter denotes the location of the Fe atom with respect to the
top (surface) GML, and the second letter denotes its location with respect to
the second GML.
TABLE II. optB88-vdW results of chemical potential μFe (in units of electron
volts) and magnetic moment M (in units of bohr magneton per cell) for
adsorption and intercalation of one Fe atom after full relaxation at different
initial sites. The prefix “t” denotes adsorption on top of graphite, and the
prefix “i” denotes intercalation beneath the top GML. Sites BM, CC, etc.,
are defined in Fig. 17 and its caption. μFe is calculated from Eq. (1). ΔμFe is
the energy relative to the lowest energy at site iHT.
Initial site μFe ΔμFe M Notes
tBM Moves to tTT
tCC Moves to tHT
tHT −0.942 1.198 2.001 Local equilibrium
tMB Moves to tHT
tMM Moves to tHT
tTH −0.600 1.541 4.149 Local equilibrium
tTT −0.609 1.531 4.145 Local equilibrium
iBM Moves to iTH
iCC Moves to iHT
iHT −2.141 0.000 2.004 Local equilibrium
iMB Moves to iHT
iMM moves to iHT
iTH −2.140 0.001 1.982 Local equilibrium
iTT −1.523 0.618 2.197 Local equilibrium
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adsorption; for larger L, there are odd-even oscillations with
increasing L. These oscillations are a result of the alternation
of the upper metal-graphene interface structure between odd
and even layers associated with the AB stacking of the hcp
Fe film (given the fixed lower interface structure; see Sec. S4
in the supplementary material).67 In addition, Fig. 18(c)
shows that height h of the top GML is linear with a slope of
0.19464 nm, which is almost the same as the interlayer
spacing c/2 = 0.193 95 nm of hcp Fe(0001).
V. DISCUSSION
In this section, we will compare the observations for
encapsulated Fe clusters with those reported previously for
Cu, Ru, and Dy islands.1–3 A summary of comparisons is
given in Table III. Overall, we find that encapsulated Fe clus-
ters bear a stronger resemblance to those of Cu than to those
of Ru or Dy.
First, several features are common to encapsulation of all
the metals. All require that the graphite surface be sputtered
prior to metal deposition and that metal deposition be carried
out with the graphite substrate at elevated temperature.1–3
This points toward a common mechanism of encapsulation.
We have proposed that this mechanism is diffusion of indi-
vidual metal atoms through surface defects and into the
subsurface carbon galleries, followed by nucleation, growth,
and trapping within the galleries.64 Elevated temperatures are
necessary to prevent metal atoms from clogging the defects.
In all cases, the density of encapsulated metal islands, Nenc,
is only a small fraction of the defect density, Ndef; for Fe, the
ratio is (1–6) × 10−4. This leads to the conclusion that only a
small fraction of defects serve as active portals by which
metal atoms can access the subsurface galleries. We are cur-
rently working to determine the nature of those defects,
although there are recent indications from the theory that a
2- or 3-atom vacancy allows passage of single metal atoms
with a low activation barrier; a 1-atom vacancy is simply too
small.30,65
Another commonality is that all three of the metals exam-
ined to date—Fe, Cu,1 and Ru2—appear to be stable in air in
their encapsulated form. For Ru, XPS shows no evidence of
oxidation after air exposure alone, whereas both Cu and Fe
show significant oxidation. We attribute the latter to the reac-
tion of small bare metal clusters decorating defects, rather
than oxidation of encapsulated clusters. In all three cases,
both XPS and STM show that the original surface (after
encapsulation) is recovered after vacuum annealing at 800 K,
indicating that the encapsulated clusters are fully protected.
We believe that the small bare metal clusters block the
defects during air exposure, preventing permeation of
oxygen and other gases.
Island dimensions and densities, however, serve to divide
the four metals into two groups. On the one hand, there is Ru
and Dy,2,3 which have small islands and high island densities;
the island heights are only a few atomic layers of metal, and
diameters are on the order of 10–20 nm. On the other hand,
there are Fe and Cu1 with large islands and small island densi-
ties; their island heights are ten(s) of atomic layers of metal,
and diameters are 50–76 nm on average. Because the islands
of Fe and Cu are taller, there is often an obvious side slope
that can even dominate the appearance of the island in STM.
These shapes have been discussed elsewhere extensively for
Cu, with some preliminary analysis of Fe;39 a full detailed
analysis of Fe is planned for future work.
Another feature which divides the metals is the number of
graphene layers on top of the islands. For both Fe and Cu,
evidence shows that there is more than one layer,1 whereas
for Ru there is only a single layer.2,3 The evidence for Ru
comes from the observation of a moiré pattern on top of the
islands and the detailed appearance of the graphite lattice
within the moiré.40 The existence of multiple layers of gra-
phene on top of Fe and Cu plausibly suppresses any possible
moiré. At this point, it is unclear how the islands come to be
buried beneath multiple graphene layers, but a driving force
can be inferred from the observation (from DFT) that single
adsorbed metal atoms always interact more strongly with
graphite than with graphene.54 This is also reflected in adhe-
sion energies calculated for graphite or graphene interacting
with Cu or Fe. For both metals, adhesion is slightly stronger
with graphite than with a GML.28,36 By extension, a metal
island would be slightly more stable under a graphene
blanket consisting of multiple graphene layers than under a
single graphene layer.
FIG. 18. (a) DFT curves of μFe vs Fe(0001) film thickness L for adsorbed
and intercalated Fe(0001) films. Dashed red horizontal line indicates the neg-
ative cohesive energy of bulk hcp Fe. (b) DFT energy difference ΔEL per
unit cell from adsorption to intercalation of an Fe(0001) film as a function of
L. (c) The height h of top GML after intercalation of an Fe(0001) film with
the thickness L, along the z direction perpendicular to the surface and mea-
sured relative to the top surface of the clean graphite slab before
intercalation.
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Yet another factor to consider is the thermodynamic
driving force for encapsulation. We have carried out DFT
for all four metals, testing whether a film or slab of the
metal is energetically favored in encapsulated or adsorbed
forms. We find that the encapsulated slab is favored for
Fe, Ru,2 and Dy3 but not for Cu.1 Given that the metals
divide into (Fe, Cu) versus (Ru, Dy) groups as discussed
above, this suggests that thermodynamics is not the sole
determinant of behavior. In the case of Cu, we have con-
cluded that encapsulation occurs due to kinetics rather than
thermodynamics: Single Cu atoms are more stable in the
gallery than adsorbed on top of the surface, which favors a
significant adatom population in the galleries.1 When these
adatoms nucleate into islands, they are trapped. Such kinet-
ics may dominate for all metals, not just Cu, in which case
the stability of a single atom is more relevant than the stabil-
ity of a film. In this paper, we have shown that a single Fe
atom is more stable in the gallery than in the adsorbed state,
so the kinetic picture is certainly plausible for Fe as well as
the thermodynamic one.
Finally, we return to the issue of reaction with carbon,
introduced in Sec. I. The division of metals into (Fe, Cu)
and (Ru, Dy) groups does not follow the lines expected
if carbon solubility or carbide formation were important
factors in cluster encapsulation. For instance, one might
envision that the topmost graphene blanket would form by
carbon dissolution in the metal at the deposition tempera-
ture, followed by precipitation upon cooling. This would
be analogous to the established mechanism of graphene
growth at the surface of bulk Fe, described in Sec. I. (This
would, however, be at odds with the observation of a con-
tinuous graphene blanket joining the graphite substrate and
the island top, as shown in Fig. 7(a00), for example. It
would also be difficult to reconcile with wrinkling, attrib-
uted to delamination in Sec. III B.) In the precipitation-
growth scenario for encapsulation, one would expect Fe to
join the (Ru, Dy) group and the metal Cu to be much dif-
ferent. This expectation is not met. While it is indeed
likely that carbon is dissolved in encapsulated islands of
Fe, Ru, and Dy, it is unlikely that this plays a major role in
the encapsulation process itself. Also, the absence of evi-
dence of Fe carbide in XPS (Sec. III C) indicates that
carbide does not play a role, analogous to our earlier con-
clusion for encapsulated Dy.3,66
In this paper, we have presented evidence that the encap-
sulated Fe clusters coarsen, perhaps, via Smoluchowski rip-
ening (Sec. III F and supplementary material67). We propose
that this occurs for Cu also1 and that the major difference
between the two groups of metals is whether or not this
process occurs during growth. For Cu and Fe, ripening leads
to a low density of large islands, whereas for Ru and Dy,
lack of ripening leads to a high density of small islands. In
the latter case, the observed configuration more nearly
reflects the conditions of initial formation. This is a topic of
continuing investigation in our group.
VI. CONCLUSIONS
In this paper, we have expanded the dataset of metals for
which encapsulation is well-characterized at the surface of
TABLE III. Summary of key characteristics of encapsulated metal islands on graphite. For Cu, only multilayer islands (Ref. 1) are considered here. STM insets
are all derivative images. Image size is 125 × 125 nm2 for Fe and Cu, and 35 × 35 nm2 for Ru and Dy. Tdep and tunneling conditions are Fe (900 K, +3.9 V,
0.27 nA); Cu (800 K, +4.6 V, 0.24 nA); Ru (1180 K, +1.0 V, 0.36 nA); and Dy (850 K, +1.5 V, 0.25 nA).
Metal
Maximum
Nenc (μm
−2)
Ratio of
Nenc/Ndef
Average (range) of heights,
in metal atomic layers
Average (range) of widths
of flat tops (nm)
No. of top graphene
layers
Typical appearance
in STM Reference
Fe 12 (1–6) × 10−4 13 (6–60) 50 (17–140) >1 This work
Cu 55 (4–8) × 10−3 35 (10–200) 76 (30–570) >1 1
Ru 600 5 × 10−2 3 (2–4) 13 (8–18) 1 2
Dy 230 1 × 10−2 3 16 (7–34) ? 3
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graphite. We have accomplished this by adding Fe—a metal
with a high affinity for carbon. By comparing it with other
metals Cu,1 Ru,2 and Dy,3 we conclude that the affinity for
carbon is not relevant to the mechanism of encapsulation.
Other results of interest include the fact that shapes
(footprints) of islands are consistent with metallic Fe, pre-
dominantly in the hcp or fcc form, though larger islands tend
toward bcc. The hexagonally close-packed planes of the hcp
and fcc structures are stabilized by their excellent lattice
match with the graphite substrate. Evolution of island density
with deposition time provides evidence of coarsening, perhaps
via Smoluchowski ripening. The encapsulated islands are
stable in air at room temperature, protected by small Fe clus-
ters that decorate defect sites and block permeation of gases.
DFT shows that two configurations of Fe are both more stable
within the gallery than adsorbed on top of the surface: a single
atom of Fe and a film (slab) of metallic Fe.
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